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ABSTRACT
Viscoelastic flow in a circular pipe and an elbow in the horizontal plane have
been investigated using instantaneous pressure measurement, mass flow rate
measurement, and streak line. The flow characteristics are similar to the one found in
Newtonian creeping flow, whose linear pressures drop between upstream and
downstream locations. Secondary flows were not observed within the range of
Deborah numbers (De) of 0.59 and 5.3 in the experiment. From the pressure growth
and recovery, the results show that the flow responds speedily when it is subjected to
transient changes of the regulated input pressures. However, the fluid slowly adjusts
to removing the driven input pressures, and exponentially decays due to the influence
of elasticity and the siphon effect. Differential pressures of the flow across the elbow
are linearly related with the flow rates. Thus, the flow displayed no transients for
Deborah numbers De=I.3? to 8.69.
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CHAPTERl
INTRODUCTION
1.1 Motivation
The flow characteristics of a viscoelastic fluid in channels and pipes are of
practical interest since this type of the fluid exhibits remarkable rheological
phenomena. The phenomena often coexist with the onset of instabilities in varieties of
the polymer processing operation (Petrie and Oenn 1976). Some of those practical
flows in manufacturing processes are dough sheeting, fiber spinning, injection
molding and extrusion (Padmanabhan 1995). A classical phenomenon exhibited by
viscoelastic fluids is referred to as the "rod climbing," that is one of the "Weissenberg
effects or the normal stress effects." This phenomenon can be observed during mixing
of flour dough and in stirred polymerization reactors. Another Weissenberg effect is
the marked swelling in a jet of viscoelastic liquid issuing from a die. Viscoelastic
fluids exhibit surface distortions over the surface of jets issuing from dies. These
surface distortions are also due to the elastic effects or "the normal stress effects." In
1972, Gisekus observed that melts of nylon-6 (Perlon) discharge vertical grooves on
the surface of the free jet out of the die. Therefore, it is important that extrusion dies
must be designed properly to produce the desired product cross sectional area. In our
daily life. we can easily experience a number of viscoelastic phenomena. Perhaps the
simplest example of these behaviors is spreading mayonnaise on a piece of bread. If
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the mayonnaise is left on a piece of bread, it will hardly move. On the other hand, it
spreads easier when sheared by a knife. The phenomenon is termed "shear thinning
viscosity," which the viscosity of mayonnaise depends strongly on the shear stress
(Macosko 1994). Interestingly, the human blood system sometimes exhibits these
viscoelastic flow characteristics especially when the shear rate is lower than 1 sec-I. If
the sizes of the blood vessels are lower than 300 f.1ITl in diameter, the hydrodynamic
resistance or the effective viscosity of blood declines (Siginer 1999). Obviously,
extensive studies of the viscoelastic flow characteristics will not only help us to
understand the complexity of rheological behaviors exhibited by the viscoelastic fluid,
but also to apply the knowledge in the development of various researches in order to
increase processing rates and profits for many industries.
Most low-molecular weight liquids, and all gases, are Newtonian.
Homogenous slurries of small spherical particles in gases or liquids at low solids
concentration are also frequently Newtonian. Nevertheless, there is thus a large class
of fluids for which a single property, the viscosity, characterizes the flow behavior. A
far larger class of fluids does not follow Newton's law of viscosity and may have
other characteristics, such as shear rate dependent viscosity and viscoelasticity. A
fluid with any of these characteristics is simply termed "non-Newtonian." Non-
Ne\\10nian fluids can be classified as one type of fluid based on its predominant
rheological behavior and may also exhibit certain minor rheological properties of
another type of fluid measured at certain shear rates. In most cases, there are no
complete constitutive equations for non-Ne\\10nian fluids. In the past several decades.
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many constitutive equations have been proposed for non-Newtonian fluids, such
as Power law, Ostwald-de Waele, Prandtl-Eyring, Ellis, and Reiner-Phillippoff
(Cheremisinoff and Gupta 1983).
For non-Newtonian fluids, it is suitable to introduce an "apparent viscosity, 7]a,"
as a function of shear rate. Whereas viscosity of the Newtonian fluid does not vary
with shear rate. Based on the relation of apparent viscosity and shear rate, the non-
Newtonian fluids are categorized as "pseudoplastic" and "dilatant" fluids.
Pseudoplastic fluids are often called "shear thinning" fluids because their apparent
viscosity decreases with the shear rate. In other words, for such fluids the rate of shear
stress increases as the shear rate decreases. Examples of fluids that exhibit shear
thinning are polymer melts, mayonnaise, and suspensions such as paint and paper
pulp. Many of these fluids also exhibit other non-Newtonian characteristics, such as
viscoelasticity in the case of polymer solutions and melts, and time dependency in the
case of paints. Even so, there are such fluids whose apparent viscosity increases with
shear rate, which is known as dilatant or shear-thickening fluids. Dilatancy is not as
common as pseudoplasticity, and generally is observed for fairly concentrated
suspensions of irregular particles in the fluids. Examples of shear thickening fluids
include suspensions of starch and quicksand.
For most of the fluids, their flow behavior responds instantaneously to sudden
changes in shear. Such fluids are tenned "time independent." However, there exists a
class of fluids knO\\11 as "time dependent" fluids. for which the response time is
considerable. For these fluids. the sudden application of a change in shear rate would
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result in the shear stress changing slowly with time until the new equilibrium shear
stress corresponding to the changed shear rate is reached. Since the flow behavior
depends on the fluid structure, the shear stress responds slowly to an imposed change
in shear rate. Thus, the shear stress becomes a function of shear rate and time until
steady conditions are reached. A number of non-Newtonian fluids consist of an
inelastic viscous liquid with a shear rate, time dependent viscosity, and a yield stress.
They are frequently referred to as "Thixotropic" fluid. When the shear stress is
removed, the fluid recovers to its original state. The flow curves of such fluids also
exhibit hysteresis loops and stress decays, which are observed under constant shear
rates. Examples of Thixotropic fluids are printing inks, clay-in-water suspensions,
oils, mustard, and ketchup.
Certain fluids do include the property of partially recovering their original
state after the stress is removed. The fluids thus have properties of both elastic solids
and viscous liquids, and are termed "viscoelastic fluids." Examples of viscoelastic
liquids include molten polymers and polymer solutions, egg white, and dough. For
these viscoelastic liquids, some of the work done in forcing through a tube is stored in
the fluid as normal stresses. This stored energy is released when the fluid emerges
from the tube and results in the swelling of the emerging fluid jet. The normal
stresses,a; generated within the tube relax when the fluid emerges from the tube, and
such fluids are said to exhibit stress relaxation. Elastic effects influence the flow
structure mainly during the storage or release of elastic energy. As a result such an
effect is important in the entrance and exit sections of tubes and during flow
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accelerations and decelerations caused by changes in cross section, or by imposed
oscillations or by turbulence. For steady laminar flow in a tube or channel of constant
cross-section, elastic effects are not that significant, except near the entrance and exit
(Cheremisinoff and Gupta 1983).
The flow behavior cannot be represented as a relation between shear stress and
shear rate alone. Rather, it will depend on the recent history of these quantities, as
well as their current values. Constitutive equations for the fluids must involve shear
stress, shear rate, and their time derivatives. Accordingly, the viscoelastic nature of
most polymeric fluids has a variety of complex effects on flow stability (R.G Larson
1992). The calculation of non-Newtonian Poiseuille flow parameters, such as velocity
profile u/U, shear stress T and shear rate l, were discussed in several literatures
(Cheremisinoff and Gupta 1983), (Bird 1987), (Cheremisinoff and Darby 1988). The
flow parameters provide useful information, such as working equations, for
measurement of viscosity in many fluids (Macosko 1994). In general, the velocity
profile of laminar fully developed Newtonian fluid exhibits a parabola like profile.
The velocity gradient or shear rate is maximized at the wall and zero in the center of
the flow. However, for non-Newtonian fluid, the velocity profile of start up flow
contains the plug flow region at the center of the region surrounded by an annular
wall region. The velocity then decreases from the constant plug velocity to zero at the
wall as shO\\l1 in Figure 1.1. The methodology for distributed parameters analysis of
non-Ne\\10nian laminar flows is discussed by Cheremisinoff and Gupta (1983).
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1.2 Viscoelastic Instabilities
Investigation of viscoelastic flow transition has been extensively studied in the
past several decades. One of the first reviews on the subject was done by Pearson
(1976). The emphasis of the review was to distinguish the instabilities that originate
directly from the non-Newtonian flow characteristics versus the ones which exist for
Newtonian fluids. Basic theoretical aspects, such as linear and non-linear stability
analyses, were used to explain the instabilities. He indicated that, because of the
viscoelastic nature, numerous parameters are required to characterize any constitutive
relations for viscoelastic fluids. The analyses carried out so far show that the
characterization of the physical arguments can be taken much further by introducing
suitable approximate dimensionless groups characterizing any particular flow. Petrie
and Denn (1976) also documented the onset of flow instabilities in many polymer-
processing operations. Their conclusion, which agreed with Pearson, claims that a
generalization of viscoelastic instabilities is not applicable and undesired since each
polymer material exhibits constitutively different flow characteristics. They also
stated that melt fracture represents at least two different phenomena, instabilities of
the shear flow in the die and instabilities of the converging flow at the die entry. Melt
fracture, sharkskins and vertical grooves are considered as elastic instabilities found
in pol)'lner extrusion process.
More recently. Larson published another reVIew for the onset of elastic
instabilities for pOI)lner fluid processes in 1992. The paper discussed two important
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classes, which are diluted and concentrated polymer solutions, of vast majority of
viscoelastic fluids containing flexible polymer molecules. The theoretical calculations
also cover three classes of constitutive equations, which are Oldroyd-B, K-BKZ, and
second order-fluid equations. Various classes of viscoelastic instabilities were
studied, including instabilities of Taylor-Couette flow, instabilities in parallel shear
flow, and extrudate distortions. Within these categories, there are widely diverse
mechanisms, which cause instability and secondary flow. The review agreed with
others that the generalization of the influence of instabilities can not be easily
established. Larson summarized that, in dilute polymer solutions, the first normal
stress difference, aI, is a driving force for instability in shearing flow with curvilinear
streamlines. However, the instabilities in the concentrated fluids are rare, and exhibit
different classes of instabilities. Importantly, a negative value of the second normal
stress difference, a2, is the parameter applied in the stabilization of flows. The well-
known features of viscoelastic instabilities, which are often observed in several
geometries, are wall-slip effect and melt fracture phenomena.
In the past, numerous researchers have encountered difficulty in applying
viscoelastic boundary conditions of the fluid velocity to a solid surface. Several
investigators reported apparent difficulties with the no-slip condition for the flow of
polymer solutions. Often manifested by an abnormal flow enhancement, slip effect
may occur in wall-bounded laminar flows. which are linked to extrudate irregularities
and melt fracture. According to CheremisinofTs literature (1988). there are two
modes of slip flow, "true mechanical wall slip" and "apparent wall slip," The true
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mechanical wall slip may occur with polymer melts and highly cross-linked polymer
systems. When the shear stresses are large enough to overcome the static friction
between the wall and the flowing material, the true slip mode can take place in either
steady or unsteady conditions. When wall-slip occurs in unsteady flow, it is referred
to as "stick-slip" phenomenon. The second slip mode or the apparent wall slip can be
observed in abnormally low apparent fluid viscosity by a fluid mixture or in the
existence of direct fluid-wall interaction, such as steric interactions and electrostatic
repulsions. The exhaust dispersed or polymeric components in the wall region form a
fluid layer near the wall. The wall layer, which has lower viscosity compared to the
central region, is believed to have a thickness measured in micron units. The
remainder of the fluid continuum may then appear to slip through the flow channel.
The typical example of the fluids that exhibit the apparent wall slip phenomena is a
dispersion type of fluid. In the flow of dispersions, the layer of particles next to a wall
is typically diluted more than particles in the bulk dispersion because the particles are
not able to penetrate into the wall. Thus, during flow, shear rate gradients causes
particles to migrate away from the wall. The thin, diluted layer near the wall will have
a much lower viscosity and will act as if the bulk fluid were slipping along the wall.
The wall slip mechanism can cause error in calculation of true viscosity by capillary
rheometer, but it is possible to correct the offset and determine the true effective
viscosity by extrapolating the wall's length to infinite diameter (Macosko 1994).
For larger scale observation, melt fracture, which nonnally occurs in capillary
or die flows. covers a range of instabilities that have been observed during the
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extrusion of polymer melts and other highly elastic fluids. Interestingly, its length has
been observed at an order of Reynolds numbers as low as 10. 15 when polymer melts
shows a transition from stable to unstable flow at high stress (Petrie and Oenn 1976).
The extrudate surface appears distorted, usually in a regular pattern at first and then
very rough at high flow rates. At the more severe distorted level, the melt fracture is
sometimes referred to as "sharkskin." On the other hand, there is distinction between
sharkskin and melt fracture. Sharkskin is initiated at the die exit, but melt fracture
occurs within the die. The melt distortion is not well understood, but it involves the
inability of the flow to adhere to the wall. It can also be found from the unstable flow
in the die region or from rapid acceleration of the surface layer as it exits the die
(Macosko 1994). More extensive reviews of the melt fracture mechanism are
presented in Petrie & Oenn and Pearson's literatures (1976).
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1.3 Recent Work and Development
For Newtonian fluid, laminar Poiseuille flow in a long tube is stable to all
infinitesimal perturbations whether axisymetric or not. In the case of viscoelastic
fluid, instabilities of cellular types may occur under conditions, which they never
would occur in Newtonian fluids of comparable viscosity. If some conditions
regarding the viscoelactic properties are satisfied, the instabilities can develop in even
such flows with rectilinear streamlines (Giesekus 1972).
Investigation of viscoelastic Poiseuille flow has been done extensively for the
past several decades. Numerous literatures have been published in the effort to
comprehend. the elastic instabilities in circular pipe flow. In 1967, the work of
Derman considered the linear stability problem for the Maxwell model, but the results
are doubtful. Gorodtsov and Leonov (1967) proved that the upper convected Maxwell
fluid is stable in inertialess plane Couette flow. Later on, Gisekus (1972) conducted
an experiment to observe the groove patterns of free jets discharging from straight
ducts. He believed that this phenomenon is related to instabilities of cellular types in a
tube and channel flow respectively. In other words, the periodic pressure variation in
the circular channel may be the source of these groove patterns. However, the elastic
instabilities occur only when the second normal stress difference,o), is taken to be
unrealistically large and positive in both Poiseuille and Planar Couette flows
(Giesekus. 1972). Other analyses contain either unreasonable simplifications or rely
on numerical techniques that are not accurate enough (Petrie and Denn 1976). For
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creeping planar Couette flow, Renardy (1986) have numerically calculated
eigenvalues for the most unstable modes and found that this flow is stable.
More recently, R.O. Larson (1992) has published a review on viscoelastic
instabilities and founded that there are no reliable theoretical analyses of the
combined effects of viscoelasticity and inertia on the stability of circular Poiseuille
flow, under reasonable constitutive assumptions. McKinley, Pakdel, and Oztekin
(1996) presented a new dimensionless criterion that can be used to characterize and
unifY the critical conditions required for onset of purely elastic instabilities in a wide
range of different flow geometries. In addition, Atalik and Keunings (2002) have
claimed to support Oiesekus' hypothesis for nonlinear temporal stability analysis of
viscoelatic plane channel flows. Finally, multiple flow transitions for the circular pipe
geometry were experimentally determined by Yesilata (2002) and the critical values
of the Deborah numbers were also calculated with the use of instantaneous pressure
measurements for characterizing instabilities in viscoelastic, circular Poiseuille flow.
The comprehensible explanations of circular pipe flow passing a circular pipe
elbow geometry presently are unavailable. The flow characteristics in such a geometry
are examined in this experimental work.
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1.4 Objectives
The past development indicates the lack and need of much work related to
viscoelastic circular Poiseuille flow. The main goal of this research is to provide
further investigation of the elastic instabilities in the pipe and elbow geometries with
the application of recent experimental techniques and apparatus.
In the present experiments, PIB-based Boger fluid is employed as the working
fluid. The horizontal pipe flow is studied using the instantaneous pressure
measurement and flow visualization techniques. These two techniques are used to
quantitatively and qualitatively characterize the structure of the flow field and
temporal and spatial characteristics of the flow. Dynamics of flows in two different
geometries, i.e. straight and elbow pipes, are examined. The flow visualization
technique termed "streakline photography" is employed to acquire images at the
various flow rates inside the transparent test channel. Instantaneous pressure
measurements are conducted at various flow rates by sensitive, miniature flush
mounted pressure transducers. The precision balance, which is capable for
instantaneous weight measurement, is employed to monitor flow rates during the
experiment. Transient responses of the polymeric solution to regulated pressure
inputs are also examined in various cases since the study of transient behavior is one
of the most fundamental tests of material behavior, and is directly applicable to
product perfom1ance (Merard 1999).
In Chapter 2. experimental procedures and techniques are described in detail.
The results of viscoelastic behaviors in circular pipe flow are presented in Chapter 3.
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The results of transient responses of the polymeric fluid and the instantaneous
pressure measurement of viscoelastic flow passing the elbow are also presented
Chapter 3. Experimental results are discussed and summarized in Chapter 4.
References for this research are also presented at the end of Chapter 4.
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Figure 1.1 the yelocity profile of start up creeping flow of non-Newtonian fluid;
(I) The parabolic region of Ne\\tonian fluid Yelocity profile
(2) The plug flow region ofnon-Ne\\tonian fluid yelocity profile
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CHAPTER 2
EXPERIMENTAL PROCEDURES
Viscoelastic flow characteristics are examined with the help of flow
visualization, instantaneous pressure measurement and mass flow measurement. The
experimental system is schematically shown in Figure 2.1. The rheological
measurement and properties of the test fluid, known as Boger fluid, are also presented
in this chapter.
2.1 Flow Geometry and Flow Loop
In the experiment, the study includes circular straight pIpe and elbow
geometries. The circular transparent acrylic pipe of inside diameter, ID = 12.7 mm
and the total length of L = 120D, where D is the diameter of the pipe), was employed
to examine viscoelastic flow characteristics. The pipe was placed horizontally on the
table, and the flow system is divided into two components, the upstream pipe and the
test section. With sufficient length of the upstream pipe, the flow is able to reach the
fully developed conditions with minimal influence of any upstream disturbances from
elbows and valves. For the test section, flush terminals were mounted at various
locations as illustrated in Figure 2.2.
The standard 90° (12.7 mm ID) elbow with the radius of curvature, Rc=22.23
111m, was also employed to study the viscoelastic effect on the flow structures. The
elbow geometry system is designed to have a smooth surface inside. preventing the
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disturbances from all sources such as threads and elbow connections. Flush mounted
terminals were employed at the two locations at both ends of the elbow. The length of
the test section after the elbow was designed to be as short as possible to reach the
largest possible Deborah number, De, of the flow system. The schematic diagram of
the elbow geometry is presented in Figure 2.3.
The flow loop is schematically shown in Figure 2.1. Compressed air is applied
to the storage tank to drive the working fluid through the horizontal test channel,
while the pressure regulator maintains the constant input pressure level to ensure the
constant flow rate. Pressure variation due to changes of the fluid level in the tank is
negligible (Kim 2000). In addition, a circular plate is installed at the exit of the test
section to prevent unexpected back flow of the fluid around the tube exit, while the
clean container is placed on top of the electronic balance to collect the Boger fluid.
All experiments are conducted at the room temperature (24-25 C ').
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2.2 Fluid Rheology
It is necessary to know the properties of the test fluid in order to have a better
understanding of its flow characteristics. As mentioned earlier, the well-known
polymeric solution called Boger fluid was used in the experiment as the test fluid. The
fluid is composed of 0.31 % polyisobutylene (PIE) dissolved in 94.86% polybutene
(PE) and 4.83% tetradecane (C14).
The rheological properties of the working fluid were determined by
Rheometrics RDA II Dynamic Analyzer on a parallel-plate geometry. The
measurements of constitutive properties were conducted with both series of steady-
shear flow tests and small-amplitude oscillatory shear flow tests. The measurement
results are presented in Figure 2.4, which the plots indicate that the viscosity 1](Y·),
dynamic viscosity 1]'(OJ), first normal stress coefficient ('PI) and dynamic rigidity
(21]"( OJ)/OJ ) are nonlinear with respect to y. and OJ , where y. is the rate of
deformation (S·I) and OJ is the frequency. The shear viscosity plot also shows the non
shear-thinning characteristic of this Boger fluid. The viscosity remains constant for
most of the different shear rate. The jump of the viscosity near l = 15 s·\ is possibly
due to elastic spiral instabilities in torsional viscoelastic flow (Oztekin el al., 1994),
(McKinley el al.. 1995).
Since the fluid has negligible shear thinning in '7 and 'PI within the range of
shear rates encountered in the present experiments. the material properties in the limit
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of zero-shear-rate are considered in the calculation of flow parameters (Bird et al.,
1987). Results from rheological testing of the fluid in terms of dynamic viscosity,
7]'( OJ), and dynamic rigidity, 27]"(m)/OJ, can be used to determine zero-shear-rate
Oldroyd relaxation time, ,1,0:
7]0 = lim T] (Y) and
Y--'O
1 l' ~ r... ) l' ~ (y)
/\'0 = 1m''11J = 1m r.~) .
Y--'o Y--'O 27]p IJ (2.4)
(Yesilata et al., 1999).
At low shear rates, ~ asymptotically approaches:
2 "
'PIO = lim 'PI = lim-.!L
Y--'O (J)~O OJ
(2.5)
The zero-shear-rate viscosity of the fluid, T]o, is measured to be 63 Pa's and the
viscosity of the PB/C 14 solvent, T]s , is 28 Pa·s. As y" -7 0, Figure 2.4 indicates that !f'J
-7 'PIO = 354 Pa·s2 and equation (2.4) yields that the zero-shear-rate relaxation time of
the fluid is:
(2.6)
7]p is the polymeric viscosity contribution to the total viscosity '7, where
71 =me"!" + 111If"7 p' mfs and mfp are the mass fractions of the solvent and the
polymer, respectively. Since 71. '7s and the mass fractions are known, '7p is determined
to be 78 Pa·s from equation (2.6) and the relaxation time for the Boger fluid, )'0 = 2.26
s. The polymeric viscosity is essentially an effective viscosity because it is calculated
and not actually measured from the rheological tests. Although many investigators
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have reported that a range of relaxation times exists for polymer solutions (Larson
1992), since there is minimal shear-thinning in T/ and 'PJ for the present test fluid
within the shear rates used here, it is safe to use one relaxation time to describe this
fluid. Details of the analysis to determine the first normal stress coefficient from
measurements of dynamic rigidity and other rheological properties of the testing fluid
are presented by Shiang et al. (1997). The rheological properties were determined at a
reference temperature, To = 25°C. All the experiments are performed at room
temperature of 24 0c. The room temperature is a critical parameter for the
experiments because the elastic and viscous behavior is strongly dependent on
temperature. It is well known that elasticity and viscosity of a polymer solution
changes exponentially with temperature (Yesilata, et al., 1999).
Another method for acquiring the rheological properties was presented by
Lodge (1984). Employing a slit-die rheometer, the rheological properties of a polymer
solution can be measured. The first and second normal stress difference is determined
from the pressure difference that occurs past a small diameter hole. This method may
encounter problems due to the complexity of the flow past a hole known as "hole-
pressure effect," or a small cavity, as discussed by Yesilata et al. (1999). However,
this technique is not as accurate as the RDA II Rheometer with two parallel plate's
geometry, which is nearly a pure shear flow (Kim 2000).
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2.3 Flow Visualization
Streakline Photography is one of the flow visualization techniques, which
allows one to trace the flow and compare with the model. The technique also helps
generating less artistic and more scientific data (D. V. Boger and K. Walters 1993). A
low power laser light source used with cylindrical lenses generates a planar light
source. As a result, the light sheet reflects the seeded particle in fluid. The particles
then can be traced and recorded in photographic film. The exposure times were set
depending upon the average velocity of the flow. The schematic diagram of the streak
line photography technique is shown in Figure 2.5.
In the experiment, streak-line photography was established with the use of
neutrally buoyant, silver-coated, 12 f.Oll hollow glass beads (Potter Industries), with a
concentration of 0.053 giL, are homogeneously suspended into the Boger fluid.
However, high concentration of the tracer particles can alter the fluid's properties
(Kim 2000). Therefore, it is essential to determine the right amount of particles.
Shiang et af (1997) investigated the effects of adding tracer particles to the Boger
fluid, and showed that 0.053 gIL concentrations is the ideal amount and has no
influence on the rheological properties of the Boger fluid.
A low power 5 mW Helium-Neon laser was employed as a light source in the
present experiment. As sho\\l1 in the Figure 2.5, the beam is directed dO\Vll\vard,
passing through two cylindrical lenses to create the laser sheet. The laser then
illuminated the tracer particles to be visualized and recorded.
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The streaks of the flow were recorded by the Nikon 0100 digital SLR camera
and Nikon F SLR camera. The cameras are positioned perpendicularly to the laser
sheet to acquire photographs of the flow field. The high quality Micro-Nikkor 105mm
f/2.8 AF-D lens is also employed to obtain the sharp and close-up images. The lens
provides continuous focusing from infinity to life-size (l: 1). The tripod is also used to
reduce vibration, which can cause poor image quality. The negatives of the flow field
are digitized and converted to grayscale images, using photo editing software
programs, such as photo studi02000 and Adobe Photoshop.
The viewing box, see Figure 2.5, is also employed in the experiment. The
water filled rectangular box surrounding the test section helps to minimize the
problems due to the different index of refraction of light from curved surfaces.
Curvature effect can cause such optical distortions and result in defects in the
recorded images.
~~
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2.4 Pressure Measurement
In this present experiment, the instantaneous pressure measurements were
conducted to investigate the transient nature of viscoelastic flow. The Data
Acquisition (DAQ) system was employed to record forces applied at a point, which
consists of the static pressure and the elastic normal stresses exerted at the point (Kim
2000). The diagram of the DAQ system is schematically shown in Figure 2.6.
Possible systematic disturbances (i.e. hole pressure effects, dynamic response
time, etc.) to pressure measurement have recently been discussed in details by
Yesilata et.a!. (1999). Employing longer tubes and small diameter pressure tabs can
minimize these disturbances (Kim 2000). The flush mounted, piezo-resistive pressure
sensors can reduce those disturbances and provide excellent response time since the
sensors do not require any tube connection at the terminals and do not need to be
initially filled with the Boger fluid to have the contact with the fluid like other
pressure transducer types, such as a Validyne DP-15 differential pressure transducer.
The transducers that are required to be filled with fluid also face the difficulty of
trapped air entering inside the transducer, which could degrade the response time of
the pressure signals (Kim 2000).
Flush mounted EPX pressure sensors, manufactured by Entran, are employed
for the instantaneous pressure measurement. The EPX pressure sensors are capable of
monitoring both constant and transient pressure signals \vith the range of 0 to 100 psi
(0 kPa to 689.48 kPa). Its sensitivity provides excellent dynamics response, which is
important since Boger fluid requires a highly sensitive signal detecting device. The
"l'
- ~j -
sensor's diaphragm is made of stainless steel strain gage bonded to a sensing member,
employed by a fully active Wheatstone bridge, which is shown in Figure 2.7. The
strain is then proportional to the applied input and as the strain gages are located in
areas of both tensile and compressive strain, producing a bridge imbalance. When a
bridge excited voltage is applied, the bridge imbalance then produces a voltage
change at the bridge output that is proportional to the physical input of the sensor. The
diameter of the pressure sensitive area is 3.81 mm, which is small enough to prevent
the disturbances at the inner wall surface of the pipe. The 10-32 UNF threads and
built-in O-ring seal allow simple mounting to test objects and use in the highly
viscous media, such as Boger fluid. Its vented reference is used for gauge or relative
pressure measurement. The £PX pressure sensors were calibrated to linearly relate the
output unit (mV) to conventional pressure unit, such as psi or Pascal. Figure 2.8
shows the set of calibration system to assure accuracy of the sensors.
As presented in Figure 2.6, the pressure sensors are connected to a regulated
power supply, which provides 10 volts DC excitation with a high quality, low noise
voltage source. The output lead wires of the sensors are connected to a Computer
Boards' AID board in an 80486 PC with 12 bits of resolution. The board requested a
transfer only once every 128 samples, so it pemlits a faster rate than the common
computer boards. With the additional software called Universal Library, the
Lab 1I1£11'"s Virtual Instruments (VIs) is allowed to accept the digital data inputs from
with the AID board. The Display Panel of the Lab VIEW software. which is similar to
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the panel of an instrument, provides options that can be configured, such as voltage
gains, sample rates, graphical display, and data saving.
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2.5 Pressure Sensors Calibration
As mentioned earlier, the flush mounted pressure sensors are employed in the
pressure measurement. Although flush mounted transducers are common for pressure
measurements, mounting the sensors over the curved surface may results in some
difficulties and can be a possible source of errors. One such error is caused by non-
Newtonian elastic normal stress and by the fluid inertia or "hole-pressure effect."
Flow instabilities in the cavity due to the abrupt change are also the possible source of
errors (Kim 2000). Thus, to obtain the accurate local pressures, the sensors were
carefully installed and calibrated before being applied to the experiment. Figure 2.9
shows the linear relation between the output of transducers (mV) to the pressure
values (psi), which is corresponded to the sensitivity of 1.294 mY/psi (8.921 mV/kPa)
and 1.288 mV/psi (8.8794 mV/kPa) for both sensors. These levels of sensitivity
assure that the sensors are able to detect small changes in local pressures. In addition,
dynamic responses to the regulated input pressure were plotted in Figure 2.10. These
results demonstrate that the sensors are capable of monitoring any changes in the flow
field it does not matter if the signal is fast step or periodic change.
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2.6 Flow Measurement
The volumetric flow rate, Q, and the bulk-average velocity, U, are measured
during each experiment. At the exit of the test section, Boger fluid is collected by the
bucket, which sat on the electronically precision balance. The balance is capable of
instantaneously measuring accumulated mass of the fluid up to 16 kg with accuracy of
0.0001 kg. HyperTerminal, a Window XP based program, is employed to transfer and
record the data from the balance machine to the PC by the connection of serial port.
The schematic of mass flow rate measurement system is shown in Figure 2.11.
The mass flow rates are determined using the relation,
m" = dm/dt (2.7)
The volume flow rate, Q, and the bulk-average velocity, Ii, of the flow are
then computed as following equations,
Q= m"/p and (2.8)
For the viscoelastic circular Poiseuille flow in the pipe, the De and Re are
defined as
and
pi7D
Re=--,
2'70
(2.9)
Where Ii is the bulk-average velocity of the flow in the pipe of diameter D.
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Figure 2.1 The schematic diagram of the experimental system.
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Figure 2.2 Flush mount pressure transducers installed on the straight pipe.
- 29 -
Flow
~
First Pressure
Te rminal --+----j~
Radius of Curvature
.,,r
",<',>:
.... :'
".< {~I_f_--- Second Pressure
Terminal
Figure 2.3 The elbow geometry_
- 30 -
1000
100
10 Onset of Spiral
Instability
1
0.01 0.1 10 100
y',OJ (lis)
1000 .-----------------------,
o
o
w 0 • • • • • • •
•
•
•
•o. III
o • • 't'l
o
o
o
100
10 o
o
1
0.01 0.1
o Onset of Spiral
o Instability
G 0
o 0 0
10 100
y' ,Cu (lis)
Figure 2.4 Rheological properties of the testing fluid at various shear rates for
(a) Steady-shear viscosity (1/) and dynamic viscosity (17)
(b) First nonnal stress coefficient (IP') and d)llamic rigidity (217 ''Icu).
- 31 -
Laser Source
\7
I (
u
Laser Sheet
Flow
Vie\\ing Box
~ ~
C)'lindriCJlI
Lens
ConCJl\'e
Lens
Camera
Test Channel
Figure 2.5 The schematic diagram of the streak line photography technique.
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CHAPTER 3
RESULTS
3. 1 Viscoelastic circular Poisuille flow (pipe flow)
Manufacturing processes, such as injection molding and extrusion, consist of
straight pipes and elbows with circular cross-section. Thus, understand of the
polymeric flow characteristics in the geometries is important because it can be
applied as supplemental information for the research and development in various
industrial processes. (see Chapter 1) In this chapter, the results of the investigation on
spatial and temporal structures of viscoelastic circular Poiseuille flow are
comprehensively presented.
The dynamics of viscoelastic flow of the polymeric solution called " Boger
fluid" in a circular cross-section pipe are examined here. Results of streakline
photography, instantaneous pressure measurements, and continuous mass flow rate
measurements are presented for chosen values of Deborah numbers from De = 0.59 to
De=5,3 in order to examine the spatial-temporal natures of the flow. The analysis of
relationships between differential pressures and flow rates (mass flow rate, 17/-, and
volumetric flow rate, Q) are also presented.
The flow system shown in Figure 2.1 generates pressure loss between the
supply tank and the test channel mainly due to installation of the upstream pipe and
the elbow mounted under the tank. As the input pressures are regulated to higher
values. the pressure loss becomes greater and greater. Thus. the experimental system
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can regulate input pressure up to about De = 5.3. Nonetheless, as shown in the
pressure calibration section, it is effective to investigate the flow characteristics and
instabilities if there is any flow transition occurred in the determined flow range. The
results of absolute pressure measurement of creeping viscoelastic flow are shown in
Figure 3.1. With the sampling rate of 1 S-I, differential pressures between the
upstream and downstream are constant throughout the period of testing time for all
the De numbers chosen for the experiment. The noise level or disturbance signal is ep
::::: ± .23 kPa.
The plots of mass flow rates correspond with the pressure plots, which
exhibits stable characteristics. During the experiment, there is no sign of any flow
transition for the chosen De numbers, but the results indicate the small noise level of
em ::::: ±0.04 gls in the experiment. Swirling motion of the fluid is observed when it
exits the test channel. When the flow reaches the collecting bucket, the Boger fluid
curls up and swings around in a circular motion. Then, the swirling fluid distributes
on the surface of the resting reservoir. As the De becomes greater, the fluid begins to
swirl around faster, which results in larger fluctuation for greater De. This
phenomenon is not the cause of the small scale fluctuation on mass flow rate plot, and
it is not related to flow characteristics inside the test channel. The plots in Figure 3.3
show the relationships between the differential pressures and flow rates (m- and Q).
Since the flow is stable, the flow rates (m- and Q) are directly proportioned to the
differential pressures. Thcse results indicate that the flow charactcristic of viscoclastic
fluid in the test channcl bchavcs as laminar. fully dcveloped Ne\\10nian flow.
- 40-
In the experiment, the streak-line photography technique was employed to
study the spatial characteristics of the viscoelastic circular Poiseuille flow for various
De numbers and exposure times. Figure 3.4 to 3.6 shows that the flow inside the pipe
is parallel for chosen De numbers. There is no sign of secondary flows inside the pipe
at any flow rate for the range of De studied here. At Deborah De = 1.22 and the
exposure time T= 1/8 s (see Figure 3.4), an image obtained in the r-z plane of the test
channel shows a small displacement of particles at the wall region; therefore, it was
difficult to observe and interpret the trace of the particles at the wall boundary.
However, at the exposure time T = 1/3 s, traces of particles in the center region are
easily observed since streak lines become more visible for greater exposure times.
The image taken at T= 1/3 s shows that particles at the wall boundary region are
nearly stationary. At the central region of flow plane, particles moved at relatively
equal speed and in the direction which was parallel to flow direction of the r-z plane.
At a much longer exposure time T= 8 s, streak lines are seen as parallel lines along
the z-axis, and again particles tend to be retarded near the wall region, which can be
observed from the dots of illuminated particles near the wall. No secondary flows
were observed for all flow rates. It clearly corresponds with the flow characteristics
observed by the differential pressure measurement with fully developed viscoelastic
flow for De = 0.59 to De = 5.3. This behaves like laminar Newtonian fluid flow for
the same configuration of geometry.
As shO\m in Figure 3.5, for De = 3.38. the illuminated particles move at a
more rapid pace. resulting in difficulty in focusing the image. Thus, the long exposure
time is more suitable to capture fast-pace particles that move past the lenses. When
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the exposure time T is 1/13 s, the particles become almost idle near the wall; but
farther from the wall (in r-axis), the streaks of particles are seen to become parallel
lines. At the same time, particles in the central region still move along the z-axis at a
faster pace compared to the motion of particles observed at De = 1.22. For the
exposure time T = 5 s, traces of particles are seen as relatively parallel lines along the
flow direction, and there is still no sign of recirculation at the present level of flow.
By increasing flow level to Deborah number De = 5.03 (see Figure 3.6), most
particles move at a much more rapid pace, which is really difficult for the lens to
focus and capture images. Consequently, the flow visualization was performed for
several trials until the desired level of focusing point was found. For that reason, very
fast exposure time is required, corresponding to rapid fluid flow. For the exposure
time at T = 1/18 s, central region of the vicoelastic flow field is expanded closer to
both sides of the wall compared to the flow with lower De numbers. This indicates
that more particles travel in the z-axis direction of the test channel, and the thickness
of the wall region is greatly reduced. However, it is still uncertain what happened at
the wall region since the streak line photography technique is only suitable for macro-
scale study. Some phenomena such as wall slip of polymeric flow enhancement
supposedly occurred on a very small scale. Up to this point, the results have shown
that viscoelastic creeping flow for De = 0.59 to De = 5.3 is laminar fully developed
and stable since there was no sign of fluctuating signal of instantaneous differential
pressures detected in the flow field, and the flow images of various flow rates does
not present the secondary flow of Boger fluid in the test region.
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The experimental results of the test done in the circular horizontal pipe suggest
that the viscolastic creeping flow in the small pipe for De = 0.59 to De =5.3 behaves
as "quasi-Newtonian" fluid flow where the differential pressure is directly
proportional to the flow rates of the fluid. The flow is steady with no flow transitions.
This conclusion is drawn from the results of instantaneous pressure measurements
that pressure signals at various locations in pipe are steady for all De chosen between
0.59 and 5.3, indicating the absence of unsteady flow transitions. In addition, spatial
characteristic indicates that the viscoelastic Poisuille flow is fully developed and
exhibits similar profile as Newtonian circular Poiseuille flow. More details of
viscoelastic flow characteristics in the pipe are discussed in the next chapter. The
results of viscoelastic responses to various cases of transient pressure inputs will also
be presented in the next section.
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3.2 Pressure Growth-Recovery Test
Tendency of the viscoelastic fluid and its ability to recover from deformation
can be examined by employing regulated step changes of input pressures. The results
of the upstream and downstream transient characteristics of pressure and flow are
presented here. Furthermore, multiple step transient changes of input pressure and
mass flow rate are also employed as well. The results of the test will be discussed
more in the next chapter.
For the plots shown in Figure 3.7, the absolute pressures for both upstream
and downstream of the test channel provide a fast response to pressure step inputs,
where the valve was quickly opened all the way for complete allowance of the flow.
The transient curves are almost invisible, which indicates that the viscoelastic flow
was prompt to response to the input pressure changes. Moreover, no overshoots were
observed for both pressure growth parts and recovery parts of transient flow
responses. When the pressure input was regulated to provide constant flow level, the
transient pressures also became constant as well. The transient response plots suggest
that the working fluid relaxed in the recovery stage for an extended amount of time
before approaching the equilibrium state, which can be seen from the exponentially
decaying characteristics of the pressure responses. In other words, the PIE-base
Boger fluid slowly adjusted to the closing of the valve as opposed to the pressure
grO\vth responses.
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Both upstream and downstream pressures of the test channel exhibit similar
responding behaviors. The time constants for creep and recovery test can be obtained
from the plot in order to evaluate the responses. By tracing the output pressure values
at 63% of their largest values from the pressure growth curve and 37% of their largest
value of the recovery stage as shown in Figure 3.8, the creeping time constant Ac and
recovery time constant Ar can be roughly estimated from the plots. The time constants
for both upstream and downstream of test channel are presented in Table 3.
Time constant (5) Upstream Downstream Mass Flow rate
creep (Ad 2.52 2.51 , 5.94
Relaxation (A,) 2.73 3.40 23.83
Table 3.1 :Pressure growth- recovery time constants for pressure measurement.
The results of the creep recovery time constants can be compared to the
theoretical calculation of the relaxation time obtained by the rheology test. As
presented in fluid rheology section (see chapter 2), the calculation of the relaxation of
the Boger fluid computed as A = 2.26 s. It is evident that the time constants obtained
from both the calculation and the approximations from the pressure gro\\th curves
were close in values.
Mass flow rates are measured for this particular test by the same procedure
described in chapter 2. Likewise, time constants for pressure gro\\th-recovery test
were obtained and presented in table 3. From the plot sho\\TI in Figure 3.9. one can
see that the viscoelatic flow responded faster to the step change in the transient input
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pressures compared to its response in the recovery stage. When the input pressure was
kept at a constant level, the small fluctuation again was observed.
In a multiple steps response test shown in Figure 3.1 0, the valve is first
partially opened for about 80% of its capacity for a certain period of time; then the
valve is fully opened. The results show the transient response characteristics for both
the upstream and downstream location that are similar to the one observed in single
step transient changes. The responses obtained in the pressure growth stage are fast,
and no damping was observed in both cases. Nevertheless, when the valve was
partially opened, the pressure sensors picked up the unsteady signal of the local
pressure. It is believed that the fluctuation is generated at the valve gate and then
transmits throughout the flow flied. The disturbance of the partially opened valve is
perhaps the cause of instabilities since the flow past through the partially opened
valve is imitated the flow past the abrupt change in geometry. The flow past the
abrupt changes are known to generate the onset of instabilities (Kim 2000).
The multiple recovery stages of the responses are shown in Figure 3.12 and
3.13 for both pressure and flow measurement, respectively. The process is opposite to
the creep test that 80% of the valve is now closed for a period of time, and then it is
fully closed. The response is again the exponentially decay for both locations over a
long period of time. The same characteristic is found in the mass flow rate response to
the multiple recovery stages. The disturbance from the partial pemlit of the valve is
still observed when the pressure input is regulated at a constant level. Nonetheless.
when the valve is fully closed. there should be no flow and responses should suddenly
drop dO\\l1 and approach the original state instead of decaying as exponential CUI"Yes.
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The flow could go under the condition of "siphon" phenomenon. Even though the
valve is fully closed, there is still some fluid left in the test channel. Gravity then
drives the polymeric fluid out of the pipe at the exit. Meanwhile, the vacant space
allows some air to penetrate into the top portion of fluid from the exit, causing the
working fluid to continue to flow.
Pressure growth time constants measured in the transient tests reasonably
agree with the relaxation time obtained from the rheological measurement (see
Chapter 2). In addition, it takes the polymeric solution an extensive amount of time to
elastically recover back to its original state. There is no damping feature presented in
the output response plot since the flow is regulated at the low flow rate. In the next
section, the results of viscoelastic flow of polymer solution passing the elbow
geometry are examined.
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3.3 Viscoelatic Flow Passing the Elbow
In addition to the straight circular cross-section pipe, flow in a 90° elbow is
also employed to study the flow characteristics of the PIB-base polymer solution. As
mentioned in Chapter 2, constant input pressure was carefully regulated to drive the
viscoelastic flow; and at the same time, the pressure sensors instantaneously
monitored the local pressure signals from the flow field at both ends of the elbow.
Then, the output signal can be obtained and recorded by the DAQ system for various
De numbers.
The differential pressure measurement of the viscoelastic flow passing the
elbow is presented in Figure 3.14. Because of the modification of geometry, the level
of flow could be adjusted to reach the Deborah number De = 8.6, which is larger than
the highest De number obtained in the case of straight pipe geometry (De::::: 5.3). At
first, the flow level was regulated at the De = 1.372, and the differential pressure was
hold relatively constant. Thus, the result indicates that the flow passing the elbow at
this level is laminar fully developed and stable since there is no flow transition. Then,
the flow was regulated to higher De numbers, and the differential pressures were still
constant for all chosen De numbers. For the maximum values of the De determined
from the experiment (De = 8.6), differential pressure outputs between the ends of the
elbow locations are relatively stable for the period of experiment. Finally, the noise of
the output signals is approximated as e,p ::::: ±0.11 kPa
r-.'lass flow rates are also measured simultaneously with the pressure
measurement. and the results are ShO\\l1 in Figure 3.15 for the disturbance level elm ::::
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±0.04l g/s. The flow rate for each De number is relatively stable throughout the time
period as well.
In Figure 3.16, the relations of the flow rates and the differential pressure
were plotted. The graphs show linear relationships between the two, which evidently
indicates that fully developed viscoelastic creeping flow passing the elbow for the De
between 1.372 and 8.6 is steady laminar, fully developed flow. The viscoelastic flow
structure past the elbow is similar to Newtonian fluid flow for the range of De
numbers between De = 1.37 and De = 8.69. The same flow characteristics was
observed in circular straight pipe flow for the range of De = 0.59 to De = 5.03. The
results are discussed in the next chapter.
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Figure 3.1 Differential pressure measurement between the upstream and
dO\\llstream locations for the straight circular pipe for various Deborah
numbers (Dc).
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Figure 3.2 Instantaneous mass flow rate measurement for chosen
Deborah numbers (De) in the case of constant input pressures.
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Figure 3.4 Flow characteristics of viscoelastic Poiscuille flow in the circular
conduit for Deborah number De = 1.22 and various exposure times cn
a)T=I/Ss b)T=I/3s c)T=3s d)T=Ss.
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Figure 3.5 Flow characteristics of viscoelastic Poiseuille flow in the circular
conduit for Deborah number De = 3.38 and various exposure times (7)
a) T= 1/13 s b) T= 1/8 s c) T=1.3 s d) T= 8.
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Figure 3.6 Flow characteristics of viscoelastic Poiseuille flow in the circular
conduit for Deborah number De = 5.03 and various exposure times (1)
a) T= 1/18 s b) T= 1/10 s c) T=I/2 s d) T= 2 s.
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Figure 3.7 The transient responses of the step pressure input for upstream
and dO\\l1stream locations in the circular conduit geometry.
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Figure 3.8 The approximation of the time constants (pressure grO\\th time
constant i. .. and recoYering time constant ).r) from the pressure gro\\th-
recoyery plot.
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Figure 3.9 Mass flow rate transient responses for pressure gro\\th- recovery
test in the circular pipe geometry_
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Figure 3.10 Multiple concave transient responses of partially opened valve
(80%) and fully opened valve (100 %) for upstream and dO\\l1stream
locations in the circular pipe channel.
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Figure 3.11 Mass flow rate creep responses of partially opened valve (80%)
and fully opened valve (100 %) for upstream and d0\\11stream
locations in the circular pipe channel.
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Figure 3.14 Differential pressure measurements between prior and after the
elbow test channel for various Deborah numbers (De).
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employed for various Deborah numbers (De) passing the elbow test
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CHAPTER 4
DISCUSSION AND CONCULSIONS
4.1 Discussion
The temporal characteristics of the instantaneous pressure measurements of
the flow in the horizontal plane suggest that the laminar viscoelastic circular
Poiseuille flow appears to be stable for the range of De studied here. For Deborah
numbers, De, chosen between 0.59 and 5.3, the flow exhibits characteristics that can
be found Newtonian fluid flow where differential pressure measurements between
upstream and downstream of the test section are directly proportional to the flow rate.
On the other hand, the elastic flow feature known as "die swell" was observed at the
free surface of exit of the test channel during the experiment. Inside the test channel,
a viscous effect dominates the flow field for laminar viscoelastic creeping flow in
such geometries, and the flow is independent of time. Elasticity has little effect on the
flow for De numbers 0.59 to 5.3, but still can be observed at the exit as the die swell
of the viscoelastic jet. No mechanism of instabilities, such as melt fracture, was
observed during the experiment. Since the layer of flow enhancement is believed to
be in micron scale compared to the flow size, special teclmiques might be required to
investigate wall slip effect. As seen in the multiple transient changes (see Figure
3.10). when the input pressure was regulated at a constant flow level (by keeping the
valve partially opened), the flow encountered the disturbance of variation in the cross
sectional area inside the control valve. As a result. the Boger fluid that passed the
valve exhibited unstable characteristics. and then the instability transmitted to the test
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channel. Therefore, it is evident that viscoelastic nature of the working fluid can be
manipulated to generate the onset of instabilities by asserting the disturbance to the
input; but the flow inside the circular pipe itself is stable without flow transition.
Streakline photographs of the viscoelastic flow in the circular pipe exhibits
characteristics that corresponded with results obtained from the instantaneous
pressure measurements, where the flow is stable and rectilinear (fully developed) with
no secondary flow observed for all chosen flow levels ( De = 0.59 to De = 5.3). The
flow can be divided into two regions, the central region and the wall region. The
divided regions feature is one of interesting observation found in the fully developed
viscoelastic flow by the flow visualization technique. The path lines of particles in the
central region are relatively parallel to each other and to the flow direction. In
addition, on each side of the wall, the traces of the illuminated particles are also
parallel to the flow direction. Some of them are rather seen to be nearly stationary at
the distance close the wall. The interpretation of flow behaviors near the wall is
difficult because the boundary layer thickness can be as small as a micro meter. An
interesting feature of the results observed was the gradual expansion of the central
region into the wall region as the flow rates increase.
Because of the constant pressure gradient, the volume flow rates for the
laminar flow of Newtonian fluid through a horizontal circular can be obtained from
the Hagen and Poiseuille' s equation. The relationship of the flow rates and the
pressure drops is directly proportion and can be used to detenlline viscosity from the
tube flow (Bird 1977). On the other hand. the viscoelastic flow constitutive behavior
becomes more complex when applied to circular pipe geometry. Two elementary
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models, namely "Coleman & Noll and Maxwell," of the constitutive viscoelastic
fluids are evaluated to verify the results discussed earlier. The main aspect is focused
on the prediction of elastic nature influencing the viscoelastic profile in the flow
geometry.
An elementary constitutive model of viscoelastic fluids is given by Coleman
& Noll (Cheremisinoff 1988). The Coleman & Noll fluid model is presently utilized
as a convenient model for describing certain types of viscoelastic fluid. The
constitutive equation makes the shear stress dependent both on the radial velocity
gradient and on the rate of change of the velocity gradient. The later effect depends
on the magnitude of the elastic constant. By solving the equation of motion with the
method of Laplace transform, the viscoelastic circular Poiseuille flow is obtained as a
particular solution. One effect of the elasticity is to slow down the flow. Thus the
time period that needs to make the transient part is extended for the flow to reach the
steady state. It is also found that the time of flow establishment increases linearly
with the elasticity. However, the disadvantage of the Coleman & Null model is that it
cannot predict the velocity overshoot, which is considered the common behavior of
viscoelastic flow. There are some other constitutive models that can handle the
velocity overshoot, but the constitutive equations become much more complex, and
involve lot more tenns and model constant values to be evaluated.
The oldest viscoelastic model of a viscoelastic fluid is that of Maxwell's
constitutive equation for parallel axisymmetric flow. Its linearity and relative
simplicity make this model adequate for the analysis of fluid viscoelastic behavior. A
feature of the Maxwell model is that the velocity reaches the steadv state value very
. " "
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fast, but then oscillates with big damping until it decays to its steady state. In contrast
to Coleman & Noll's model, the time of flow establislunent is more difficult to
evaluate and varies in a discontinuous form with the elastic constant. The Maxwell
model introduces the oscillating behavior of viscoelastic fluids during the transient
stages of the flow. It is a common element of many constitutive models and
experimentally verified fact. From the two models shown earlier, it is evident that
fully developed viscoelastic pipe flow is treated as rectilinear and laminar steady flow
in a pipe. Some special results of practical interest arise from non-linear effects. One
of these results is flow enhancement in periodic flows (Siniger 1999).
The previous literatures on investigation of the viscoelastic instabilities for the
circular pipe flow are rare to find. Petrie and Denn (1976) mentioned in their review
that other analyses contain either unreasonable simplifications or rely on numerical
techniques that are not accurate enough. The review by Larson (1992) states that there
seems to be no reliable theoretical analyses of the combined effects of viscoelasticity
and inertia on the stability of circular Poiseuille flow. Instability of the viscoelastic
flow with no inertia is noticed only when the second normal stress was applied as
unrealistically large (and positive values). Supported by the experimental results of
spatial and temporal characteristics shown in the previous chapter, it is strongly
suggested that the viscoelastic fluid flow in a circular horizontal tube is stable for
laminar creeping flow. In addition, no viscoelastic flow transitions were observed in
the flow field to cause such secondary flow. The results obtained from the experiment
seem to show why several analytical works that investigated flow transitions in
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viscoelastic circular Poisuille flow field encountered difficulty In obtaining any
instabilities with or without simplification of the models.
The instantaneous pressure measurement technique completed in the present
experiment is analogous to the method used by Yesilata (2002) except his experiment
is done in vertical direction. But the flow direction of present experiment is parallel to
horizontal plane. Furthermore, different types of pressure transducers were employed.
Yesilata used the differential pressure transducers, which required pressure tabs
mounted on the test section while the flush mounted transducers were the choice for
the present measurement. Other different features of the two experiments are the
length of test section. He used a relatively short test channel (48D) compared to the
length of test section (120D) employed in the current experiment, which he chose the
shorter length to provide fast response. However, the shorter length of the test section
could have possibly transported the undesired disturbances from the tank connections
(i.e. elbows and valves).
The difference in flow geometry mentioned in the last paragraph causes some
variation in the results between two experiments. As mentioned earlier, there are no
flow transitions presented in the present experiment for 0.59 < De <5.3, which
contrasts Yesilata's conclusion that the flow transition of viscoelastic flow in the
circular pipe occurs at the critical Deborah number (De) around 4.7. He argues that
there is no curvature of the streamlines of the base flow, which agrees with the flow
visualization results obtained in chapter 3. Additionally, it is understood that the flow
instability is fonned in the wall regions near the tube wall. Since the existence and
real structure of the secondary flow occurred at the boundary layer near the wall in
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extremely diminutive scales, the flow visualization technique applied in the current
experiment cannot accurately identify the behaviors of the flow line near the wall
regIOn.
The test performed to investigate the transient change of the pressure
responses of the PIE base polymer solution provides a lot of information, including
the relation between the structure of the polymer and the pressure responses,
approximation of the single pressure growth and relaxation time constants, and the
transient characteristics.
In general, the most basic information needed for the elasticity of polymeric
liquids can be provided by forming the relaxation time spectrum since the mobility of
the viscoelastic fluid is expressed by the relaxation time spectrum. In the linear
viscoelastic range, the constitutive equation is based on Boltzman's superposition
principle. More information on the derivation of the discrete spectrum can be found in
Collyer's work (1993). By applying the discrete spectra, the stress response of the
viscoleastic liquid can be simulated. The model predictions were compared with the
experiment data of the PDMS at 30° C as shown in Collyer's literature. The similarity
of the transient characteristics of the pressure growth and the recovery of the
viscoelastic fluid can be seen in the results shown in chapter 3. The pressure curve
also corresponded to the normal stress growth and relaxation for the 6% PIB solution
with the prediction model done by Chan and Kee (1999). A similar experiment was
done to verify the De Kee-Carreau model to multiple concave step flow for the PDMS
sample (viscoleastic standard material provided by Rheometries), (Fong and Kee
1999). The experiment by Fong and Kee suggests the fact that there should be a
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transient overshoot if there is enough high input value (shear stress or pressure). As
shown in chapter 3, overshoot did not occur in the pressure growth stage; but if the
input pressure were regulated at a high enough level, the overshoot characteristics
might have been observed.
For the concave pressure growth and recovery plot, the elastic influence in the
viscoelatic flow shows a little effect on the structure of the Boger fluid, and the flow
responses quickly to the transient change when the input pressure is regulated to a
step change. However, by increasing the driven pressure, the cross links of polymer
molecules become greater and greater, which results in domination of elasticity. Thus,
the relaxation times represent the accumulated time and cause the fluid to gradually
delay during the extended amount of time. As mentioned in the results (see Chapter
3), the flow was also under the effect of the siphon phenomenon. There is still some
flow governed by the gravity even when driven input pressure is removed. Thus, it
takes longer time before the relaxed flow can approach an equilibrium state.
In the instantaneous pressure measurement across the elbow geometry, the
results have shown that no flow transition was formed for the flow range of
1.372<De<8.6. However, the experiment is considered at the early stage of the
research. More data are needed to support and verify the test results since there also
exists some skeptical points that are needed to be proved in order to confirnl the
measurement. First of all. it is possible that we did not reach high enough De in the
experiment. The De flow level might be still below the critical flow transition point to
cause the onset of elastic instabilities. McKinley, Padel and Oztekin (1996) have
developed a new dimensionless criterion. which can be used to characterize and unify
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the critical conditions required for the onset of purely elastic instabilities. The
criterion is accordingly verified by the experimental facts and model simulation for
various flow geometries. It then can possibly be incorporated to investigate the
possible existence of critical flow condition for the viscoelastic flow passing the
elbow, as well. Secondly, the temporal nature of the elastic instabilities can perhaps
be at a micron scale near the surface, which results from the flow enhancement or the
stick-slip effect of the viscoelastic nature of the polymer solution. If that is the case,
the instantaneous pressure measurement might not be able to detect the fluctuation
signal below its sensitivity. Moreover, a transparent elbow can possibly be made to
replace the commercial elbow, which is made out of PVC material, so that the flow
visualization can be conducted at the plane across the flow direction.
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4.2 Conclusions
Instantaneous pressure measurement and the streakline photography have
been applied to the flow in a circular pipe and elbow. The results indicate that
viscoelastic circular Poiseuille flow (in horizontal plane) exhibits a laminar fully
developed flow similar to the behavior found in Newtonian flow in pipes.
Furthermore, there was no flow transition appeared for flow range between De=O.59
to De= 5.3. Thus, it is evident that the viscoelastic flow in the pipe is laminar and
stable for creeping flow driven by constant pressure inputs. However, the flow is
quite sensitive to any kinds of asserting disturbances, such as the variation in radius
of the flow channel. Transient time constants were approximated from the pressure
growth curves, and their values corresponded with the relaxation times of the fluid.
As shown in the concave pressure growth and recovery curves, the viscoleastic fluid
responds more rapidly to transient changes in pressure growth than in the recovery
stage when the fluid relaxed. The elasticity influences the delay of viscoelastic
recovery of the fluid in the. In addition, differential pressure measurements and mass
flow rate measurements employed across a commercial elbow suggest that
viscoelastic fluid passing the circular elbow for De = 1.37 to De = 8.69 is laminar and
stable when driven by constant pressures.
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